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Summary Antibacterial resin monomers are unique molecules that provide dental resins with ''bio-active function'', i.e. the ability to control bacterial infection. They have strong antibacterial activity when unpolymerized and also demonstrate contact inhibitory effects after being polymerized without releasing antibacterial components. Intensive research has been conducted on antibacterial monomers based on quaternary ammonium, such as methacryloyloxydodecylpyridinium bromide (MDPB), focusing on their basic properties and uses in several resinous restoratives. As represented by successful commercialization of an adhesive system incorporating MDPB, quaternary ammonium based antibacterial monomers have the potential for utilization in various restorative materials and regimens, including caries management and pulp care. # 2012 Japanese Association for Dental Science. Published by Elsevier Ltd. All rights reserved.
Introduction
Since dental caries has been recognized as an infectious disease induced by cariogenic bacteria, attempts to create restorative materials possessing antibacterial effects has been an important topic in dental materials science. Control of bacteria around/beneath restorations could be advantageous to eliminate the risk of further demineralization and cavitation, contributing to prevention of secondary caries. All of the research conducted in the 1960s and 1970s utilized a simple design to add soluble antimicrobials to existing restorative materials so that they would exhibit inhibitory effects against bacteria by release of agents in a wet environment [1] [2] [3] . However, such an approach has not been well accepted from the clinical point of view, as the release of agents results in a limited period of effectiveness and deterioration of restoration over time.
To solve such problems, Imazato et al. introduced the concept of the ''immobilized bactericide'' into dentistry [4] , which had attracted attention in the engineering field. An immobilized bactericide means antibacterial components that are stabilized by various strong chemical reactions, such as covalent bonding, to a carrier material and do not leach out from the surface but inhibit bacteria which come into contact. This technology enables non-agent-releasing type antibacterial restoratives and is more advantageous in terms of longevity of effects and maintaining mechanical properties of carrier materials. To achieve immobilization of antimicrobials in dental resins, Imazato et al. reported the innovative idea of developing antibacterial monomers that can co-polymerize with conventional methacrylate resin monomers in 1993 ( Fig. 1 ) [4] . Since then, intensive research has been conducted on the promising molecule methacryloyloxydodecylpyridinium bromide (MDPB), synthesized from quaternary ammonium.
While the antibacterial monomer enables immobilization of antibacterial components in resins, it also acts as a free bactericide, similar to soluble antimicrobials, before polymerization. This property is useful for cavity disinfection, and the world's first dental adhesive incorporating MDPB was successfully commercialized in 2004. Nowadays, the research field on antibacterial restoratives has been expanding, mainly targeting development of antibacterial monomers based on quaternary ammonium. In this review paper, knowledge on quaternary ammonium based antibacterial monomers reported so far is summarized and their future potential in restorative dentistry is addressed.
Antibacterial monomers based on quaternary ammonium
By combining various preservatives or antimicrobials with methacrylate, Imazato and his colleagues synthesized several experimental antibacterial monomers ( Fig. 2 ) and identified MDPB, an analog of cetylpyridinium chloride, as a suitable candidate to achieve non-leaching antibacterial resin-based dental materials [5] . Compared with conventional agent-releasing materials, which tend to release entrapped pharmaceuticals in a burst-type fashion, new materials achieved through the immobilization scheme have the advantage of long-lasting antibacterial activity and uncompromised mechanical strength and biocompatibility [4, 5] .
These days, following development of MDPB, many reports on new antibacterial monomers for utilization in the dental and medical fields are available [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The majority of the compounds reported, as well as MDPB, are cationic monomers that depend on their quaternary ammonium moieties to exert bactericidal activities [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Chen and his colleagues combined the methacrylate group with aliphatic quaternary ammonium groups and synthesized several cationic antibacterial monomers, such as methacryloxyethyl cetyl dimethyl ammonium chloride (DMAE-CB, Fig. 3 ) [6] . Punyani et al. synthesized the quaternized ethyleneglycoldimethacrylate piperazine octyl ammonium iodide and incorporated it into a poly(methyl methacrylate)-based bone cement to achieve an antibacterial cement for bone repair [7] [8] [9] . Caillier et al. prepared several experimental cationic monomers that can potentially be used for development of antibacterial polymeric coatings [10] .
The mechanism for the antibacterial activity of these cationic monomers is considered to be similar to that of Figure 1 Immobilization of an antibacterial component in a polymer network through copolymerization of the antibacterial monomer with conventional methacrylate monomers. common quaternary ammonium compounds, although the detail has not yet been clarified [11] . The amphiphilic character of quaternary ammonium compounds that allows them to strongly and rapidly interact with the cell membrane is well-accepted as an important aspect related to their antibacterial activities [12] . Quaternary ammonium monomers bearing positive charges can bind to the cell membrane, which is usually negatively charged, and subsequently result in the disruption of the lipid bilayer, leakage of intracellular components and eventually the death of microorganisms [12] . It has been noted by many researchers that a large part of the antibacterial activity of cationic monomers is affected by their surface active properties and consequently by the length of the hydrophobic chains [6, 10, 13] .
In recent years, much effort has been made to further improve the antibacterial activity or polymerization capacity of quaternary ammonium based antibacterial monomers. Caillier et al. synthesized several polymerizable antimicrobials with two quaternized nitrogen atoms, each bearing a hydrophobic tail, and demonstrated that these new monomers have higher antimicrobial activities than their monoammonium analogs [16] . To increase the amount of antibacterial monomers that can be incorporated in resin-based materials and subsequently enhance the antibacterial activity of the modified material without compromising biocompatibility, Chen and his colleagues developed several novel quaternary ammonium monomers with two polymerizable methacrylic moieties ( Fig. 4 ) [17] . Antonucci et al. also reported new dimethacrylate monomers with quaternary ammonium groups synthesized through the Menschutkin reaction ( Fig. 4 ) [18] . Because of their greater ability for polymerization, these di-functional monomers may be effective in producing active surfaces with higher densities of immobilized antimicrobial agents.
To date, intensive research on MDPB, the pioneer of antibacterial monomers, and its application to various materials have been conducted, and this molecule is the only one that has been successfully utilized in a commercial product. 3. Antibacterial effects of quaternary ammonium based monomers before polymerization 3 
.1. Antibacterial effects against caries-related bacteria
Before polymerization, antibacterial monomers act as free bactericides, similar to conventional antimicrobials. As an analog of cetylpyridinium chloride, which is a strong bactericide frequently used for oral rinses or dentifrices, MDPB exhibits strong killing effects against a broad range of microorganisms. The minimum bactericidal concentration (MBC) values of MDPB against a range of microorganisms detected in coronal caries lesions, including oral streptococci, lactobacilli, and a number of obligate anaerobic bacteria, have been reported to range from 15.6 to 125 mg/mL (Table  1) [5, [19] [20] [21] . It has also been confirmed that MDPB is effective against various bacterial species clinically isolated from active root caries (Table 1) [22] . Because of its positive charge, MDPB can interact with negatively charged bacteria in a very rapid manner. For instance, complete killing of planktonic Streptococcus mutans can be achieved within 40 s by MDPB at a concentration of 500 mg/mL when the bacterial number is small [23] . Although biofilm cells are known to be less susceptible to antimicrobials than planktonic microorganisms, complete killing of biofilm S. mutans with relatively thin and sparse structures can be achieved within 60 s by 1000 mg/mL of MDPB ( Fig. 5 ) [23] . Even at lower concentrations than the MIC (minimum inhibitory concentrations) determined by the authorized method, MDPB has the ability to inhibit the growth and metabolism of S. mutans. The acid production rate and the amount of lactate, which is a glucose fermentation end product, of S. mutans was significantly reduced after contact with 8 mg/mL of MDPB, possibly due to inhibition of lactate dehydrogenase activity [23] .
Many other quaternary ammonium based monomers also present bactericidal and fungicidal effects, with their antimicrobial effects largely depending upon their chemical structures. DMAE-CB, with a long alkyl chain of 16 carbons, has lower MBC values against caries-related bacteria than MDPB, demonstrating its intrinsically stronger bactericidal effects ( 
Antibacterial effects against endodontic pathogen
In addition to caries-related bacteria, unpolymerized MDPB was found to be effective against endodontically pathogenic bacteria, such as Enterococcus faecalis, Fusobacterium nucleatum, and Prevotella nigrescens (Table 3) . Moreover, such bactericidal effects of MDPB are rapidly exhibited against both planktonic and biofilm cells, suggesting that it would be possible to utilize MDPB for root canal filling materials to achieve disinfection of the root canals [25] . 
Toxicity of quaternary ammonium based antibacterial monomers
The biological safety of antibacterial monomers is highlighted by the fact that the major monomers commonly used for resin-based dental materials have been identified as being more or less cytotoxic [26] . Therefore, the toxicity of MDPB on cell viability or functions has been investigated by using mouse fibroblasts, odontoblast-like cells and human pulpal cells, and MDPB has been reported to be an acceptable component for dental use. For mouse fibroblasts L-929 cells, a slight inhibition of proliferation was observed by MDPB at 10 mg/mL ( Fig. 6 ). Based on the results of cytotoxicity tests to examine cell viability, the 50% toxic concentration for MDPB against human pulpal cells was estimated to be 20-40 mg/mL (around 48.5-97.1 mmol/L) [19] . These values are in the same range as those of TEGDMA frequently used for dental resinous materials. Although the differentiation of odontoblast-like MDPC-23 cells was significantly more inhibited by MDPB than by other monomers, the negative influences of MDPB on the mineralization ability of odontoblastlike cells were smaller compared with Bis-GMA and MDP (Fig. 7 ) [27] .
In accordance with its higher antibacterial activity as compared to MDPB, DMAE-CB demonstrated higher cytotoxicity. The 50% toxic concentration for DMAE-CB against mouse fibroblasts L929 cells was 2-5 mg/mL (around 4.88-11.96 mmol/L) [28] . However, this value is comparable to that of Bis-GMA, indicating that DMAE-CB is no more toxic than Bis-GMA.
Antibacterial effects of quaternary ammonium based monomers after polymerization
While free, unpolymerized quaternary ammonium monomers can rapidly kill bacteria, the antibacterial component immobilized by polymerization does not exhibit equally strong inhibitory effects. The weakened effects after polymerization may be explained by the fact that movement of the immobilized molecule is limited. Thus, when MDPB is simply mixed with a resinous matrix, only bacteriostatic effects, which inhibit the growth of bacteria, are exerted [29, 30] .
According to the findings of some recent studies, rapid bactericidal effects occur when the charge density on the surface of the quaternary ammonium group bearing material reaches a threshold [31] [32] [33] . This explanation is further supported by the observation that silicon wafer surfaces coupled with a high density of MDPB exhibited killing effects upon bacteria in contact with the surface [34] . What remains to be determined in the future is the detailed mechanism by which quaternary ammonium monomer-bearing polymers inhibit bacterial activity. Various experimental resin-based dental materials incorporating MDPB, such as adhesive and composite resins, have been shown to demonstrate bacteriostatic effects after curing [5, 35, 36] . While the concentration of MDPB incorporated was as high as 2.5% for a bonding resin or 5% for a dentin primer, it should have been limited to less than 0.4% to prevent agent release in the case of incorporation into composite resin. To increase the density of MDPB immobilized on the surface and hence improve the antibacterial activity of experimental composite resins, a pre-polymerized resin filler containing MDPB that had been highly polymerized by heat before loading was designed [37] . By taking advantage of such a pre-polymerized filler, the net concentration of MDPB incorporated was increased to approximately 2.3%. The experimental composite resin containing this bactericideimmobilized filler exhibited reproducible inhibitory effects against plaque accumulation in vitro by inhibiting the attachment, glucan synthesis and growth of bacteria on its surface ( Figs. 8 and 9 ) [37, 38] . A recent study also revealed that the MDPB-filler-loaded composite resin was able to endure the biological artificial caries challenge and subsequently inhibited the progression of root caries lesions [39] .
Resinous dental materials based on DMAE-CB have also been prepared and tested for their antibacterial activities after curing. Incorporation of DMAE-CB in the commercially available adhesive (Single Bond 2, 3 M ESPE) at 3% or pit-andfissure sealant (Helioseal, Ivoclar Vivadent) at 1% provided the original materials with bacteriostatic effects (Fig. 10 ) [40] [41] [42] . Incorporating dimethacrylate cationic monomers, such as MAE-DB and MAE-HB from Chen's group [17] or bis(2methacryloyloxyethyl)dimethylammonium bromide from Antonucci's group [18] may be another approach to achieve materials with higher surface charge density and thus improve antibacterial activities.
One limitation of modifying resinous materials with cationic monomers is that the modified surfaces are rather prone to protein adsorption and the adsorbed protein film can reduce the original antibacterial effects of the immobilized bactericide [34] . Such an effect of the adsorbed protein layer may be induced by the shielding of cationic surface charges, which are essential for the antibacterial activities [31] [32] [33] . Because dental restoratives are constantly exposed to saliva, reduction of antibacterial activities by salivary protein coat is a problem that we must face and solve to improve the effectiveness of cationic monomer modified resinous materials in the oral cavity. 
MMP inhibition by MDPB
Despite their efficient immediate bonding, current adhesive systems can only provide limited bonding after aging due to the degradation of the hybrid layer [43] . It is now widely accepted that endogenous matrix metalloproteinases (MMPs) bound to dentin contribute to the progressive degradation of collagen fibrils in hybrid layers [44] . Chlorhexidine, a cationic biguanide that demonstrates broad anti-MMP activity in addition to its potent antimicrobial activity, has proven effective in preserving the bonded interface over time [45] . Similar to chlorhexidine, the cationic antibacterial monomer MDPB also exhibits potent inhibitory effects on soluble rhMMP-9 and matrix-bound MMPs, as revealed by a very recent study [46] . Compared to chlorhexidine, which is water-soluble and thus may leach out from bonded interfaces, the polymerizable MMPs inhibitor MDPB is advantageous in that it can copolymerize with adhesive monomers and thereafter be retained in the hybrid layer for years [47] . Indeed, several studies into bond durability, including in vivo studies, revealed that an MDPB-containing adhesive exhibited a significantly more durable interface than conventional adhesives [48, 49] . Such improved durability in bonding capacity associated with MDPB-containing adhesives may be partially explained by the inhibitory effects of 5% MDPB on soluble and matrixbound MMPs. Although the exact mechanism remains to be elucidated, it is speculated that the electrostatic interaction with MDPB alters the configuration of the active site of MMPs and sterically blocks the active site.
Influences of antibacterial monomers on curing performance
Incorporation of additional constituents often jeopardizes the original properties of resin-based dental materials, including curing performance, water sorption, color stability, and mechanical properties. The possible change in curing performance of restoratives induced by incorporation of new monomers is a great concern, because each monomer with a different structure shows a different curing ability. The degree of cure of several types of MDPB-containing resins has been investigated. Although there were certain limitations on the maximum amount that could be incorporated, addition of MDPB up to 5% to a HEMA-based adhesive primer, up to 0.5% to the matrix of a Bis-GMA-based composite resin, and up to 2.5% to a Bis-GMA-based bonding resin did not compromise the curing performance of the original materials [36, 50, 51] . These findings indicate the possible excellent curing ability of MDPB.
In accordance with these results, the advantage of MDPB is further supported by other properties related to curing performance. An experimental composite resin containing 0.5% MDPB exhibited comparable surface hydrophobicity and Figure 9 In vitro reproducible plaque inhibiting effects on the surface of the composite resin containing MDPB-immobilized filler. The amount of plaque formed by Streptococcus mutans was measured using the same specimens in the three repeated tests.
Figure 10
Adherence of Streptococcus mutans UA159 on the cured adhesives after 4 h of incubation. Bacterial adherence on the materials, washed for 2 h in water to remove unpolymerized monomers, was observed by CLSM after staining with Live/Dead BacLight viability stain solution. While control adhesive (Single Bond 2) was densely populated with bacteria, the experimental adhesive containing 3% DMAE-CB exhibited fewer bacterial adhesion similar to MDPB-containing adhesive system (Clearfil Protect Bond).
water sorption to the control material [52] . The surface hardness and tooth wear resistance of acrylate-based coating resin was not hampered by incorporation of MDPB at 1% (unpublished observation).
Adhesive system containing antibacterial monomers 8.1. Commercialization of antibacterial primer containing MDPB
To develop bioactive adhesive systems with antibacterial activity, an experimental dentin primer was prepared by incorporating MDPB into the primer solution of a commercial self-etching system (Clearfil Liner Bond 2, Kuraray Medical, Japan) [50] . The experimental primer containing 5% MDPB demonstrated rapid bactericidal effects against planktonic S. mutans [50] , as well as anaerobes recovered from carious dentin samples [20] . Based on this experimental primer, the world's first antibacterial adhesive system containing MDPB was successfully commercialized (Clearfil Protect Bond, Kuraray Medical, sold as Clearfil SE Protect in USA and Clearfil Mega Bond FA in Japan) and proven to show reliable cavity disinfecting effects. Unlike conventional self-etching adhesives, which may exhibit some antibacterial activity due to their acidity [53, 54] , the Clearfil Protect Bond primer clearly showed bactericidal effects against a broad range of caries-related bacteria, including acid-resistant species [53] . It is noteworthy that the Clearfil Protect Bond primer was able to penetrate 500 mm thick bovine dentin and exert inhibitory effects against the growth of several cariesrelated species [55] . The clinical effectiveness of MDPBcontaining primer has been confirmed by many researchers, using various in vitro or animal models of dentin caries [56] [57] [58] [59] [60] .
The great advantage of using MDPB to achieve antibacterial adhesives is that no significant adverse influences on the bonding capacity of the parental adhesive system occur, as MDPB has a good curing ability [50, 61] . This is also applicable for DMAE-CB, which exerts no influence on bonding ability upon incorporation at 3% into dentin adhesives [28, 40] . The effectiveness of the MDPB-containing adhesive to bond to dentin has been confirmed in clinically related situations, using bur-cut enamel/dentin [62, 63] as well as cariesinfected or caries-effected dentin [64] [65] [66] . In addition to its reliable short-term bonding capacity, what is most impressive about Clearfil Protect Bond is its long-term bonding stability observed after one year of aging [48] , possibly in part related to the presence of MDPB, which acts as a potent inhibitor of MMPs [46, 47] .
Biocompatibility of MDPB-bearing adhesive is an important issue for clinicians, because it is commonly assumed that antibacterial effects may be associated in turn with toxicity. Using the dentin barrier tests, it was found that incorporation of MDPB up to 5% does not increase the cytotoxicity of the carrier primer. This is because the concentrations of unpolymerized MDPB diffusing from the experimental primer (containing 5% MDPB) over the dentin disk were lower than the 50% toxic concentration against human pulpal cells [67] .
A study comparing the cytotoxicity of extracts from various adhesives after curing demonstrated that Clearfil Protect Bond is the most biocompatible product amongst the five dentin adhesives tested (Clearfil Protect Bond, Adper Scotchbond 1, Excite, Tyrian SPE, and One Step plus) [68] . Furthermore, in a more clinically relevant study simulating the transdentinal diffusion of self-etching adhesives into the pulp chamber, it was found that Clearfil Protect Bond was no more cytotoxic than Clearfil SE Bond, which contains no antibacterial monomer [69] . Similar results were also reported by Kusdemir et al., who studied the cytotoxicity of several selfetching adhesives using both direct and indirect (with dentin barrier) contact tests and found that Clearfil SE Bond and Clearfil Protect Bond were the most biocompatible products of all the materials tested [70] .
Possibility for caries management by antibacterial adhesive
Due to its sealing capacity and antibacterial activity, application of an adhesive containing MDPB may be a promising strategy for the management of root surface caries, especially for arresting active lesions. Before polymerization, free antibacterial monomers can inactivate the bacteria within a lesion, whilst cured adhesive can seal the surface of the lesion to deprive viable bacteria of nutrients and inhibit further invasion of bacteria and acids. By using an artificial caries lesion with extensive demineralization, Imazato and his colleagues found that an antibacterial primer incorporating 4% MDPB was able to penetrate into the carious lesions to a depth of more than 150 mm and kill all the bacteria within the demineralized dentin [71] . The effectiveness of MDPB-containing antibacterial adhesive to arrest the progression of active root surface caries was subsequently tested using an artificial caries models established by using either an acid-gel or S. mutans culture technique. In contrast to other conventional adhesives, the MDPB-containing adhesive completely prevented the progress of the original lesion (Table 4 ) [72] .
Another experimental root surface coating system consisting of a MDPB-containing primer and acrylate-based resin was also shown to be effective in protecting the root surface from acid-challenge-induced demineralization [73] . All these in vitro studies indicate that resin-based MDPB-containing coating materials represent an effective regimen to protect the root surface from chemical and biological challenge and thus reduce the risk of root surface caries. An artificial caries lesion was produced on the root surface of human tooth by culturing in a Streptococcus mutans suspension for 2 weeks, and further 2-week culture was conducted after application of the adhesive.
Possibility for pulp care by antibacterial adhesive
During the progression of caries, the bacteria and their components can interact with the dental pulp and thereafter induce inflammation of the pulp. Left untreated, the inflammatory process may impede the regeneration of the pulp and eventually result in death of the pulpal tissue. Such a course of disease progression can be halted if suitable restorative materials are applied and natural tissue regeneration may occur afterwards [74] . The ideal material for pulp care should have, at least, the following functions: (i) it should be biocompatible with the pulp, (ii) it should be capable of eradicating the bacteria, (iii) it should be able to provide hermetic sealing of the cavity, and (iv) it should have the capacity to stimulate or enhance the natural regeneration and healing of the dentin-pulp complex. To date, such an ideal material has been lacking. Research data indicates that the antibacterial adhesive Clearfil Protect Bond, which meets the first three requirements, may be an effective material for the purpose of preserving the pulp, especially in case of deep cavity or exposure of infected pulp. First, the incorporation of MDPB into dentin adhesives does not significantly reduce the biocompatibility of the original material given that the antibacterial monomer MDPB has superior biocompatibility to the conventional dental monomer Bis-GMA in terms of hard tissue formation by odontoblastic cells [27] . In fact, by animal studies using non-human primates, it was proven that capping of sound pulp with the 4% MDPB-containing primer and bonding resin resulted in formation of complete dentin bridging, with no inflammatory responses ( Fig. 11 ) [75] . Second, it has been confirmed using beagle dog models that an antibacterial primer containing MDPB can kill bacteria in the cavity, and thus maintain pulp vitality and primary odontoblastic function in infected, non-exposed and exposed cavities [56, 76] . Third, as a self-etching adhesive, Clearfil Protect Bond can form a properly hybridized dentin-adhesive interface and thus provide hermetic sealing [77] . Further modification of MDPB-containing resinous materials to add other bio-functionalities to stimulate pulp healing will be beneficial to better preserve the vitality of pulp tissue.
Figure 11
Dentin bridge formed after pulp capping with 4% MDPB-containing primer and bonding resin in non-human primates (after
